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Abstract 
Hydrogen embrittlement is a complex phenomenon which can affect steel structures used for different applications, as pipelines, 
storage vessels and fuel cells. In literature, many works have been proposed to study hydrogen embrittlement, but a unified 
solution to fully understand the phenomenon is still not defined.
Aim of this work is to develop a reliable numerical tool to estimate the influence of hydrogen on the fracture toughness of steel. 
A 2D finite element model of a C(T) specimen is developed using a zero-thickness layer of cohesive elements to simulate crack 
propagation. Starting from an initial model without hydrogen, the embrittlement effect is simulated by modifying the traction-
separation law (TSL) of cohesive elements, according to relationships taking into account hydrogen diffusion at the crack tip and 
plastic strain. Parameters of TSL are calibrated in order to reproduce the experimental toughness data. The model can be very 
useful to understand, from the viewpoint of fracture mechanics, the hydrogen embrittlement phenomenon in the studied steel, but 
also it can be extended in the future to estimate the influence on fracture toughness of different parameters, as hydrogen 
concentration or change in mechanical properties. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Politecnico di Milano, Dipartimento di Meccanica. 
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1. Introduction 
Embrittlement of steels for structural applications, where the presence of hydrogen cannot be neglected, is a topic 
often discussed in the literature. Nowadays, applications of mechanical components and structures in environments 
characterized by extreme working conditions require the knowledge of detailed mechanical properties for a proper 
design stage and/or to ensure correct maintenance. Many experimental works have been developed in the literature 
[1,2], but the actual micro-mechanism responsible for hydrogen embrittlement is still under discussion. This open 
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issue pushed studies also in the direction of numerical simulations [3]. The present work aims to develop a numerical 
model able to predict fracture behavior of steel in presence of hydrogen. 
2. Experimental tests 
Experimental fracture toughness tests are performed on C(T) specimens of AISI 4130. Specimen dimensions are 
in accordance to ASTM standard E 1820-09, characterized by a width W = 25 mm. From experimental tensile tests, 
elastic properties of the steel are identified as Young modulus E = 220000 MPa and Poisson ratio Ȟ = 0.3. Also, the 
experimental stress-strain curve, obtained from the same tests, is interpolated by a power law and implemented into 
the numerical model, allowing for extrapolation at higher strains. 
3. Numerical FE modelling, without hydrogen 
Two models, with and without hydrogen, are developed to reproduce the experimental toughness tests. Exploiting 
the symmetry, only half part of a C(T) specimen is simulated in plane strain. A refined mesh, with elements 
dimension of 10 µm, is selected near to the crack tip, as result of a convergence study (Fig. 1.a). 
Along the symmetry plane, where crack propagates, zero-thickness cohesive elements are placed. The use of 4-
nodes cohesive elements is actually an artefact, since the numerical model is continuous although it simulates the 
separation of crack surfaces. The two upper nodes of the cohesive elements are tied to the nodes of the continuum 
elements at the symmetry plane. On the other side, symmetry boundary conditions (rollers) are applied to the two 
lower nodes of the cohesive elements. 
Cohesive elements are characterized by a Traction-Separation Law (TSL), which is a stress-displacement curve 
whose shape and parameters must be fitted by the experimental data. In the present model, experimental data of 
Force vs. Vertical Load Line displacement (F-VLL) plot is considered as final goal. The simulation is run in 
displacement control, and the resulting F and VLL displacement are measured at the end of the analysis. 
The selected TSL shape is multi-linear [4] (Fig. 1.b), and it is implemented in the used software for the numerical 
computation, Abaqus, by a tabular function describing damage evolution. Four parameters are required to describe 
and plot the TSL curve: Tn = maximum stress; į0 = end of the linear stage and point of damage initiation; į1 = end of 
the plastic stage; įF = final displacement. The criterion selected for damage initiation is the maximum principal 
strain (MAXE). 
The numerical model is built up with: 9470 nodes corresponding to 18975 degrees of freedom, and 8843 CPE4R 
(plane strain, reduced integration) elements and 295 COH2D4 cohesive elements. 
a.      b.
Fig. 1. a. Numerical model of the half C(T) specimen and detail of mesh refinement; 
b. Schematization of the used Traction-Separation Law for the numerical analyses. 
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4. Numerical FE modelling, with hydrogen 
The numerical model considering the presence of hydrogen consists in three sequential analyses, similarly to [5]: 
1) an elastic-plastic stress analysis on hydrogen uncharged material; 2) a mass diffusion analysis with hydrogen, that 
evaluates hydrogen concentration on the basis of hydrostatic stress calculated in the first analysis; 3) a final elastic-
plastic stress analysis which recalls results from the previous ones. Details about the 2nd and 3rd analysis are given in 
the following. 
4.1. The mass diffusion analysis 
This simulation consists in a time dependent diffusion analysis. An initial hydrogen concentration of 1.5 ppm [6] 
is assumed, constant on the whole external surfaces of the specimen. Based on the stress field obtained by the 
previous stress analysis, hydrogen distribution is evaluated. The aim of this step is the estimation of interstitial lattice 
sites hydrogen concentration (NILS) as a function of the hydrostatic stress field. The governing equations for mass 
diffusion are an extension of Fick's equations. Diffusion is assumed to be driven by the gradient of a general 
chemical potential, which gives the behavior: 
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where J is the flux of concentration of the diffusing phase, D is the diffusion coefficient, ks is “Soret effect” factor 
which drives the diffusion based on the temperature gradient, ȴT is the temperature variation during the test, set to 0 
in the analysis since the experimental test is immediate, ĳ = C/s is the normalized concentration (whit respect to the 
solubility s) and kp is the factor generating diffusion from the hydrostatic stress gradient, p = -trace (ı)/3 is the 
hydrostatic stress, where ı is the stress tensor calculated in the first stress analysis [7]. 
4.2. Implementation of the cohesive model with hydrogen 
The TSL of cohesive elements has to be modified in presence of hydrogen, decreasing its parameters in function 
of hydrogen concentration. Normalized hydrogen concentration, representative of hydrogen in the interstitial sites, 
CL, is evaluated during the second step of analysis, and it is imported in the third step as a pre-defined scalar field. 
According to the literature [2], the concentration of hydrogen in traps, CT, depending on the steel micro-structure, for 
low and high strength steels can be related to the plastic strain İP. A simple linear relationship between hydrogen 
traps concentration and plastic strain can be expressed as [8]: 
ܥ் ൌ ሺͶͻǤͲ ή ߝ௉ ൅ ͲǤͳሻ ή ܥ௅ (2)
Total hydrogen concentration is then evaluated as sum of the two concentrations: C = (CL+CT). This quantity is 
used to calculate the hydrogen coverage ș: 
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where ߂݃௕଴ is the variation of Gibbs energy, set to 30 kJ/mol, R is the gas constant and T is the absolute temperature. 
Hydrogen coverage is used to estimate a decreasing factor K, according to [8]: 
ܭ ൌ ͳ െ ͳǤͲͶ͸͹ ή ߠ ൅ ͲǤͳ͸ͺ͹ ή ߠଶ (4)
K is used in the model to reduce the area below TSL curve as shown in Fig. 2.a. It is applied both to Tn stress and to 
į displacements, initially fitted on model without hydrogen (so, corresponding to K=1). Fig. 2.a,b show some master 
curves for different values of the decreasing factor K: the two normalized plots are related to the TSL (stress-
displacement curve) and to the damage as a function of the displacement. K is the main parameter used to describe 
hydrogen embrittlement by cohesive elements: therefore, it acts directly reducing their cohesive strength. 
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Fig. 2. a. Normalized TSL (Stress-displacement) and b. Damage-displacement master curves as a function of the decreasing factor K, as from eq. 
4; c. Validation of the model, by comparison between numerical and experimental F-VLL curves. 
In this final analysis with hydrogen presence, the evaluation of CT, C, ș and K is performed in correspondence of 
the single integration point in the solid elements. This information is then transferred to the cohesive elements 
through three Fortran sub-routines (namely: UEXTERNALDB, USDFLD, UVARM) working in a common block. 
Once K is known for each cohesive element, during each increment of the analysis, the TSL is decreased as in Fig. 
2.b. Abaqus interpolates damage, stress and displacement values as a function of the obtained K (minimum K value 
at the crack tip is 0.26). Validation of the model is proposed in Fig. 2.c, overlapping numerical and experimental F-
VLL curves without and with hydrogen. 
5. Conclusions 
In the present work a numerical model was developed, simulating fracture toughness tests on a C(T) steel 
specimen. From the obtained results, it is possible to draw the following conclusions: 
- the numerical model without hydrogen is developed to estimate the initial parameters of the TSL of the cohesive 
elements, placed in correspondence of the symmetry plane and used to simulate crack propagation; 
- the analysis with hydrogen was run in 3 steps, allowing the estimation of a decreasing factor for the TSL; 
- the model was validated by a comparison with experimental data. The model can be very useful to estimate the 
behavior of a steel in presence of hydrogen, and it can be extended in the future to estimate the influence on 
fracture toughness of different parameters, as hydrogen concentration or change in mechanical properties. 
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